Abstract. -Single crystal magnetic rare earth superlattices were synthesized by molecular beam epitaxy. The studies include four rare earth systems: Gd-Y, Dy-Y, Ho-Y, and Gd-Dy. The magnetic properties and the long-range spin order are reviewed in terms of the interfacial behavior, and the interlayer exchange coupling across Y medium.
Introduction
This article reviews the structural and magnetic
Significant progress has been made in the past decade in the studies of metallic multilayers due to the advance of thin film deposition techniques [I] . The original concept of "artificial superlattice" suggested by Esaki and Tsu for III-V semiconductors was extended to magnetic multilayers which consist of alternating magnetic layer with another nonmagnetic layer along the growth direction [2] . By varying the thickness of the magnetic region to the nonmagnetic region, magnetic superlattices can be used as a model system to investigate the interfacial magnetic behavior, two dimensional magnetism, and interlayer exchange coupling effects. The first two aspects have been addressed in the previous studies on Cu-Ni superlattices by Gyorgy et al. [3] , and on MnSb/Sb superlattices by Shinjo et al. [4] .
One important goal of our studies is the modulation effect on the magnetic properties of the superlattice as a whole due to the long-range interlayer exchange coupling. The magnetic rare earth system was chosen because the magnetic rare earth moments are well localized. The indirect exchange or the Ruderman-KittelKasuya-Yoshida (RKKY) interaction is via the conduction electrons, and thus of longer range. It is highly probable that an effective magnetic coupling between separate magnetic layers can be formed across the intervening nonmagnetic medium. Furthermore, elemental magnetic rare earths exhibit long-range magnetic order modulated along the c-axis on a length scale compatible with typical superlattice wavelengths [5] . This raises interesting possibilities of tailoring the natural spin structures with the artificially imposed periodicities.
properties of the single-crystal, magnetic rare earth superlattices. The content includes the molecular beam epitaxy (MBE) growth, structural characterization, magnetic properties and magnetically ordered spin structures of Gd-Y, Dy-Y, Ho-Y and Gd-Dy superlattices, and theoretical basis for the magnetic exchange coupling in the superlattices. Most of the results presented here are of a "summary" nature, and the references to the previous publications of more complete studies are cited in the text below.
Superlattice growth
All the samples were prepared by the metal molecular beam epitaxy technique using a combination of electron beam and effusion cell evaporation [6] . Direct depositions of rare earths onto Si, sapphire, or other commercially available substrates led to severe chemical reactions between the rare-earth films and the substrates. The chemical interactions was eliminated by intervening a single crystal buffer layer. A Nb(100) single crystalline film epitaxially grown on A1203 (1120) was found to be most suitable for this purpose [7] . The growth sequence of the superlattice is shown schematically in figure 1. The in-plane orientation between hcp rare earth (0001) and bcc Nb (110) sharp streaks with distinct Kukuchi arcs, suggesting a layer-by-layer growth and a highly ordered, atomically smooth surface.
Structural analysis by X-ray diffraction
The overall structural properties were characterized by high-resolution X-ray diffraction from a Cu rotating anode X-ray source -Magnetic X-ray scattering experiment using a synchrotron radiation source was performed on the Gd-Y superlattices to determine the magnetic moment modulation in the superlattices [lo] . Three possible models of the magnetic moment modulation profile for the (21, 21) superlattice are plotted in figure 2b . The solid curve, in that the full Gd moment is maintained at the center of the Gd array and the moment is smoothly reduced in approaching the interfaces, gives the best agreement with the me& surements. The reduction of Gd magnetic moment near interface was also observed in the magnetization measurement using vibrating sample magnetometer (VSM), and the Faraday force method [9] . In the study of a series of superlattices with decreasing N G~, hence with increasing contributions of the interfaces, the magnetization property of the Gd array can be accounted for by a simple two-layer model: the central ferromagnetic Gd region of (NGd-2) atomic layer thick retains the ideal magnetic thin film behavior even for N G~ as small as 5. The two interfacial Gd atomic planes do not order ferromagnetically. The loss of the ferromagnetic order in the interfacial region has to do with the finite interfacial widths of the chemical and the strain modulations. The Gd moments might arrange in a disordered manner in the interfacial plane, which leads to a net cancellation of the overall moment of the interfacial layer. Polarized neutron diffraction studies were performed at Brookhaven National Laboratory by Majkrzak et al,, and led to a clear picture of the magnetically ordered spin structures [12] . The overall magnetic order of the Gd-Y superlattices oscillates in two distinctly different states depending on the exact Ny. One magnetic order is the simple ferromagnetic order where the moments in the plane of all Gd arrays are in parallel alignment, thus giving rise to a high a,, and a low Hs.
The other magnetic order is the antiferromagnetic order, or so-called antiphase domain structure 1121. In zero field, the adjacent Gd arrays are 180' antiparallel to one another, hence a small a,. A field ( H s ) of about 6 kOe at 77 K is needed to fully align the spins with respect to the field. Figure 4a shows this antiferromagnetic spin structure at H = 150 Oe, and T = 150 K .
The theoretical interpretation of the long-range coherent magnetic order in Gd-Y will be given in section 7. 
-
The ferromagnetic/helimagnetic superlattices show rich magnetically-ordered spin states at low field and low temperature. Representative magnetic moment vs. As the Dy spiral turn angles decrease continuously with the lowering temperature, the wavevector of the super-spiral of the bilayer also decreases, eventually locks to a value to be commensurate with the bilayer periodicity at T = 130 K . The actual unit cell of the magnetic order is twice the unit cell of the chernical modulation. Polarized neutron diffraction studies by Majkrzak et al. showed that the magnetic order at 80 K and a field of 150 Oe is described by a so-called commensurate asymmetric state depicted in figure 4c f19] . The moments of adjacent ferromagnetically aligned Gd arrays are about at right angles to one another with one array aligned along with the applied field. The Dy moments fan out from nearly ferromagnetic alignment with the Gd moments at the interface to a maximum interplanar turn angle at the center of the Dy array which is close to the bulk Dy value. A somewhat similar spin-ordered state at low fields, the so-called unsymmetric state, was predicted in the recent calculation by Hinchey and Mills for superlattices containing alternating collinear ferromagnetic and antiferromagnetic layers [21].
Interlayer exchange coupling in Gd-Y and

D y -Y superlattices
The long-range, coherent magnetic spin structures observed in Gd-Y and Dy-Y superlattices were accounted for on the basis of the Ruderman-KittelKasuya-Yosida (RKKY) exchange interaction between magnetic rare earth layers intervened by the nonmagnetic yttrium. The conduction electrons of the Y layer respond to the local exchange fields penetrating from the neighboring Gd (Dy) layers and propagate the exchange coupling indirectly in a manner described by the generalized susceptibility x y ( q ) . With the development of metal molecular beam epitaxy, highly perfect magnetic rare earth superlattices have been prepared with minimal interdiffusion. Modulation of the overall magnetic properties of the superlattices was demonstrated for the first time, along with the discovery of long range, coherent magnetic order that can be tailored with superlattice wavelength. The approach has now opened up a wide spectrum of exciting opportunities in the studies of thin film magnetism, which may eventually lead to novel device applications in the future.
